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for a Model Scale Counter-Rotation Open Rotor 


David B. Stephens 
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Cleveland, Ohio 44135 

Abstract 

An open rotor experiment was conducted at cruise Mach numbers and the unsteady pressure in 
the nearfield was measured. The system included extensive performance measurements, which can help 
provide insight into the noise generating mechanisms in the absence of flow measurements. A set of 
data acquired at a constant blade pitch angle but various rotor speeds was examined. The tone levels 
generated by the front and rear rotor were found to be nearly equal when the thrust was evenly balanced 
between rotors. 


Nomenclature 
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Frequency, Hz 
Number of rotor blades 
Speed of sound, m/s 
Rotor diameter, m 
Rotor advance ratio, Vq/NttD 
Mach number, V/c 

Front rotor blade rate harmonic number 
Rotor shaft rotation frequency, Hz 
Aft rotor blade rate harmonic number 


Subscripts 

a Aft rotor 

e Emitted 

f Forward rotor 

g Geometric 

o Freestream conditions 


Shaft Order, f/N 
Thrust, N 
Torque, Nm 
Velocity, m/s 

Propeller efficiency, TVq/QN 

Sideline angle measured from upstream along the model centerline 


1 Introduction 

The nearfield unsteady pressure field near a model scale open rotor was evaluated in the 8x6 Supersonic Wind 
Tunnel at NASA Glenn Research Center (GRC). High-speed propellers and open rotors offer considerable 
fuel efficiency benefits compared with turbofans, but these systems present noise challenges to both the 
community around the airport and to persons on the airplane. A recent test campaign was conducted as a 
collaboration between NASA and General Electric Aviation (GE) to document the performance and acoustics 
of open rotors. Advanced blade designs have been developed by GE since the previous test campaign in the 
1980’s. The primary incentive for implementing open rotor propulsion is the fuel efficiency at cruise Mach 
numbers, and this tunnel was operated between Mach 0.27 and Mach 0.85. During the test, a streamwise 
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line array of unsteady pressure transducers was mounted to a plate above the model which could be lowered 
from the tunnel ceiling toward the blade tip. These data could be used for estimating structural loading on 
the airframe or for estimating en route noise, for example. 

Open rotors were previously studied in the 8x6 Supersonic Wind Tunnel during the mid 1980’s. The 
results from those tests were documented in a number of reports including those by DittmarJIj, Dittmar and 
Stang[3], Dittmar et al.[3][2] and Whitfield et al.[3]. 


2 Experiment 

The tests described in this report were conducted in the 8x6 wind tunnel from February to September 2011. 
As described below, these tests included scaled aerodynamic performance, structurally responsive blades, 
and realistic acoustic signatures. Comparisons of model scale acoustic data to the full-scale counter rotating 
engine flight test in the 1980’s were found to be in good agreement. [5] 


2.1 Drive Rig 

The NASA counter rotating open rotor propul- 
sion rig (ORPR) was used to power the open rotor 
blades in this experiment. The rig consists of two 
counter rotating spools with a non-rotating center 
shaft. Each of the two counter rotating spools is 
attached to a two-stage air turbine on the aft end 
that can produce up to 560 kW (750 HP). The 
two air turbines are supplied by 2 MPa (300 psi) 
air heated to 90° C (200° F), and can be indepen- 
dently controlled using a feed-back system to drive 
the rotor speeds independently to more than 8,000 
RPM with an accuracy of ± 15 RPM. This drive 
rig was operated in the late 1980’s, and was refur- 
bished in order to correct any detrimental effects of 
long-term storage. The refurbishment activity con- 
sisted of a general inspection and rebuild of the me- 
chanical components, construction of a new swept 
pylon, refurbishment of the forward and aft rotat- 
ing force balances and installation of a telemetry 
system. This rig was operated in a low-speed test 
campaign from late 2009 to late 2010 in the 9x15 
Low Speed Wind Tunnel at NASA Glenn. Reports 
to data on data from the low speed portion of this 
project include Elliott [6] and Stephens and Envia[7| 
and Berton[8]. The refurbished ORPR installed in 
the 8x6 Wind Tunnel is shown in Figure [l] 



Figure 1: Open Rotor Propulsion Rig and F31/A31 
blade set in 8x6 Wind Tunnel at NASA Glenn Research 
Center. NASA Image C-2010-3454. 


2.2 Historical Baseline Blades (F31 / A31) 

The model test hardware simulates a counter rotating open rotor engine design. New hubs were manufactured 
as part of the current test campaign, with support for 12 blades for the forward rotor and 10 blades for the 
aft rotor. The pitch angle setting for both blade rows are manually adjustable. The blade set used for the 
tests described in the present paper was designed and manufactured by GE and is known as F31/A31. This 
blade set represents a good early 1990’s aerodynamic design, but is not acoustically optimized. The F31/A31 
blade set was manufactured with modern materials and techniques for this test, and will be used to provide 
a baseline to anchor new data. The forward rotor is 65.18 cm (25.66 inches) in diameter and the aft rotor is 
62.97 cm (24.79 inches) in diameter. Axial spacing between the two rotors is variable, but was set at 19.91 
cm (7.84 inches) between the pitch change axis of each rotor for the data presented in this report. The center 
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of the aft rotor at the blade pitch change axis location is the origin of the coordinate system for the results 
shown in this paper, except where noted. 


2.3 8x6 Wind Tunnel 

The 8x6 Wind Tunnel at GRC is a high speed wind tunnel with velocity capabilities from Mach 0.27 to 
Mach 2.0. The test section is 2.44 m high by 1.83 m wide (8 feet by 6 feet) and 7.16 m (23.5 feet) long. The 
test section has perforated bleed holes for boundary layer removal that are used when the tunnel is operated 
at transonic velocities. The flow is driven by three electric motors that can produce up to 65 MW (87,000 
HP). A description of the 8x6 Wind Tunnel complex is given by Soeder[5J. 


2.4 Acoustic Instrumentation 

The unsteady pressure instrumentation was an aluminum plate with 17 
flush-mounted XCS-093-15SG transducers made by Kulite Semiconduc- 
tor. The transducers offer a 15 PSI range and are temperature compen- 
sated. The calibration values provided with the instrumentation were 
used to convert the voltage output to unsteady pressure. These sensors 
were connected to a Precision Filter and recorded by a RC Electronics 
DataMAX. The pressure transducers were simultaneously sampled at 200 
kHz in 15 second long records. These records were processed into nar- 
rowband SPL using the Digital Acoustics Data Software (DADS) package 
developed at GRC. The instrumented plate could be remotely lowered 
from the tunnel ceiling to achieve various sideline distances from the 
model axis of rotation. A table of the geometry is in Tabic [TJ These 
locations are relative to the location of the aft rotor pitch change axis. 
A schematic of the instrumentation relative to the model turboprop is 
shown in Figure [2] 

2.5 Operating Conditions 


Table 1: Location of unsteady 

pressure transducers relative to 
aft rotor pitch change axis. 


Sensor 

Axial Location 

Number 

cm 

(in) 

1 

-46.6 

(-18.36) 

2 

-39.0 

(-15.36) 

3 

-34.1 

(-13.44) 

4 

-29.6 

(-11.64) 

5 

-23.5 

(-9.24) 

6 

-18.9 

(-7.44) 

7 

-14.8 

(-5.84) 

8 

-7.0 

(-2.76) 

9 

0 

(0) 

10 

7.0 

(2.76) 

11 

14.8 

(5.84) 

12 

18.9 

(7.44) 

13 

23.5 

(9.24) 

14 

29.6 

(11.64) 

15 

34.1 

(13.44) 

16 

39.0 

(15.36) 

17 

46.6 

(18.36) 


An extensive range of operating conditions were tested, with blade pitch 
angles for the forward and aft blades ranging from 43.0°/43.5° at Mach 
0.27-0.45 to 64.4°/61.8° at Mach 0.73-0.85. Powered rotation speeds 
ranged up to 8250 RPM. The thrust and torque of each rotor were mea- 
sured by custom built rotating balances mounted in the hub of each rotor. 

Maximum thrust was limited by the instrumentation to 2 kN (450 lbf) per rotor while torque was limited 
to 680 Nm (500 ft-lb) per rotor. 

A large number of conditions were tested, with several hundred readings of data taken with the F31/A31 
blade set. Most of these were taken with the Kulite plate in the stowed position against the test section 
ceiling, so are not particularly interesting for unsteady pressure measurements, due primarily to the limited 
directivity that could be measured in this configuration. At Mach 0.4 with the plate in the stowed position, 
the sensors only span emitted angles between 46 and 90 degrees. With the plate lowered to 0.78 Df above 
the model centerline, at Mach 0.78 the directivity spans emitted angles of 12 to 97 degrees from upstream. 
The rest of the data presented in this report is from the model at these operating conditions. 

A set of readings was chosen as representing a particularly interesting subset of the data. These readings 
represent a series of increasing rotor speeds at Mach 0.78 that include a local peak in the propulsive efficiency. 
The ORPR does not have a powered or automated mechanism for changing the rotor blade pitch during a 
run, so only a limited number of iterations on blade pitch was practical during the course of testing. Changes 
to the rotor RPM at a fixed tunnel velocity Vq provide a substitute method for changing the blade inflow 
angles. A few performance metrics for these readings are given in Table [5J where the total thrust is given as a 
fraction of the maximum total rating for the thrust balances (4 kN). Details of the performance calculations 
are given in the report by Hughes and Gazzaniga. m While it would be desirable from a scientific standpoint 
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Figure 2: Illustration of the unsteady pressure instrumentation in the 8x6 wind tunnel. Plate is shown at 
the sideline distance of 0.78 Df. Measurement locations are numbered from downstream. 


Table 2: Open Rotor Performance at Mach 0.78. /3/ = 64.4, /3 a = 61.8, H p i ate = 0.78 Df. 


Escort RDG 

RPM f 

RPM a 

(Tf + T a )/T max 

Tf/T a 

Qf/Qa 

J f 

V 

2938 

5714 

5713 

0.1 

8.14 

2.85 

1.38 

0.600 

2943 

6094 

6093 

0.32 

1.23 

1.35 

1.29 

0.803 

2948 

6336 

6337 

0.48 

0.96 

1.11 

1.25 

0.828 

2953 

6475 

6474 

0.58 

0.89 

1.04 

1.22 

0.830 

2958 

6664 

6664 

0.71 

0.83 

0.98 

1.18 

0.826 

2966 

6943 

6943 

0.89 

0.80 

0.95 

1.14 

0.812 


to evaluate a complicated system like the ORPR with each parameter varied individually, the cost of testing 
and the large number of parameters combined to prevent this sort of detailed study. 

3 Unsteady Pressure Results and Discussion 

The 8x6 test section is made of stainless steel plate perforated with angled holes for boundary layer bleed 
during transonic operation. Needless to say, it is not an ideal acoustic environment. The redeeming aspects 
of this test are the high Mach number flow which pushes reflected sound waves downstream, and the excellent 
signal-to-noise ratio available due to the placement of the sensors in the immediate vicinity of the model. 

Equation [T| can be used for calculating the frequency of interaction tones expected by an open rotor 
system, 

Shaft Order Interaction Tones = n ^ a -^ a > (1) 

.5 (Nf + N a ) J 

where m and n are integers denoting the front and rear blade passing tone order respectively. This formula 
provides a good approximation to the tone order when the rotational speeds of the two rotors are nearly the 
same. 

3.1 Background Noise Removal 

An extensive database of “tare run” measurements was acquired. These are measurements made with the 
rig in the test section, but without blades installed or compressed air delivered to the turbine. Blade fillers 
are used to fill the gaps in the hub in the absence of rotor blades. 

A typical narrowband (12.2 Hz) pressure spectrum from sensor 9 is presented in Figure [3] Most of the 
strongest tones are at multiples of the aft rotor blade passing frequency. The plate is at location 0.78 Df 
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from the center of the rig. The plot shows both a tare run spectrum and a powered spectrum for Mach 0.78. 
The tones generated by the open rotor are immediately apparent, and no signal to noise problem is evident 
for these spectral features. The broadband signal generated by the open rotor is clearly above the tare run 
spectra for frequencies above 3 kHz for the rotor speed shown. 



Figure 3: Nearfield unsteady pressure spectra at 90 degrees. M=0.78. Powered data at 6943 RPM. 


An additional complication exists because the data were not acquired at constant emission angles or 
constant geometric angles, but rather at constant sideline locations. Additionally, the 17 sensors make for 
a somewhat sparse data set. This makes it challenging to compare measurements made a different sideline 
distances, since the geometric and emitted angles both change with sideline measurement location. The 
relationship between geometric and emission angles was calculated using, 

9 e = 0 g — arcsin (M 0 sin (8 g )) , (2) 


which assumes linear propagation. 

3.2 Measured Pressure Spectra 

As can be seen in Figure |3j the magnitude of the tare run spectra may be higher than that of the powered 
spectra for some frequencies. A background separation routine was developed, and subtraction at each 
frequency was carried out. If the magnitude of the appropriate tare run spectrum was less than 6 dB below 
the magnitude of the powered spectrum, the resulting value was set to not-a-number (NAN) representing an 
ambiguous value. These NAN values are not shown in the remaining acoustic results. 

Figure H] shows the integrated unsteady pressure generated on a sideline by the rotor at Mach 0.78 for 
the six conditions listed in Table [3 For these results, the tare run spectra were subtracted, a value of 0 dB 
was substituted for the NAN values and the results were integrated from 500 to 50,000 Hz. The aft rotor is 
centered on x = 0 by definition and the forward rotor is centered at x = 0.2 nr. Note that the direction of the 
x-axis has been reversed for Figure [I] to correspond better with the model orientation and sensor numbering 
shown in Figured For each value of J/ shown in Figured two peaks can be observed with a local minimum 
in between. For the the two highest advance ratios (lowest RPM) the forward peak is higher, while the aft 
peak is higher otherwise. This corresponds reasonably with the torque and thrust ratios shown in Table [3 

The frequency content of each peak in the OASPL was considered in more detail. These peaks correspond 
to sensors 9 and 11, as described in Table [lj The narrowband sound spectra were processed using a peak- 
finding algorithm to identify tones which were at least 6 dB above the lowest magnitude level around every 
integer shaft order. If a tone was found, the spectral energy in that tone was summed. The tone content was 
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Table 3: Decibel levels of blade rate tones for forward and aft rotor. 


Advance Ratio Jf 

1.38 

1.29 

1.25 

1.22 

1.18 

1.14 

Sensor 11, SO = 12 

145.8 

151.3 

156.1 

157.5 

159.2 

162.1 

Sensor 9, SO = 10 

143.0 

150.8 

157.5 

159.2 

159.7 

162.9 


usually spread over three or four frequency bins, due to slight drifting of the rotor speed. If a peak was not 
found, an average broadband level was calculated. If only values of NAN were found, indicating levels below 
the tare run level, NAN was returned. This data was used to create the bar charts of Figure[5]and FigureEl 
which denote the dB level (ref 20/i Pa) of the RMS pressure at integer shaft orders. This processing method 
was found to be useful for quantifying both tone and broadband levels in one plot, while still accounting for 
NAN values in the spectra. 

Aft rotor tones dominate the spectra measured by sensor 9, as shown in Figured while interaction tones 
(■ mBf + nB a ) are a much smaller contribution. The second aft tone harmonic was an average of 6.8 dB below 
the first for the six conditions considered, while the third tone dropped another 4.7 dB on average. The 
forward rotor tones were at least 9.1 dB below the aft tone of the same order, for the first three harmonics. 

Forward rotor tones dominate the spectra measured by sensor 11, as shown in Figure[Hl Interaction tones 
again were not found to be a significant contribution. The forward tone harmonics were found to decrease 
differently than the aft tones, as the second forward tone harmonic was an average of 4.6 dB below the first 
and the third tone dropped another 7.5 dB on average. The aft rotor tones were a minimum of 5.5 dB below 
the forward tone of the same order, for the first three harmonics. 

The directivity of the first forward and aft blade passing tones were also examined. These tones were 
chosen for closer examination because they are among the strongest and because these lower frequencies 
have larger wavelengths and so are better resolved by the sparse spatial measurement. A quick consideration 
of the emitted angles revealed the need to consider the forward and aft tones as being emitted from two 
different spatial locations. The close proximity of the measurement sideline makes this significant. For an 
observer much further away, the emitted angles would tend towards the same values for each rotor. In Figure 
[7J the emitted angles for the forward and aft rotor tones are plotted with respect to the center of the forward 
and aft rotors, respectively. On these figures, the center sensor corresponds to the data presented in Figure 
[5] and is called out with a large marker. This geometry definition causes the radiation patters to collapse 
quite nicely, as shown in Figure [7] (a), (c) and (e). No magnitude correction was made for these results, 
as the measurements were clearly made in the acoustic near-field and using free-held distance corrections 
would not be meaningful. The corresponding mean squared coherence is shown in (b), (d) and (f) of Figure 
[Tfor the same three values of advance ratio. The coherence was calculated by using the sensor closest to 
40 degrees emission angle as the reference, with the appropriate origin for each rotor tone as previously 
described. This emission angle generally measured the highest levels for these two tones. At the highest 
RPM (lowest advance ratio for constant Mach number) conditions, these tones are coherent over a very wide 
angle. Abrupt changes in the coherence are likely due to reflections of pressure waves between the aluminum 
plate and the ORPR. 

The peak levels for the two blade rate tones were found to be remarkably close in magnitude, although 
measured by different sensors. These values are given in Table [3] Aside from Jf = 1.38, which corresponds 
to a thrust ratio of Tf/T a = 8.14, these tone levels are within 1.7 dB. The diminutive contribution of the 
interaction tones is likely due to the smaller diameter of the aft rotor, which is designed to reduce the 
interaction of the aft rotor with the blade tip vortices from the front rotor. This effect was noted by Dittmar 
and Stang[2] and by Woodward and GordonjJT. 

4 Conclusions 

An extensive test campaign considering a model scale open rotor at cruise conditions has been completed, 
and a brief overview of the unsteady pressure results has been provided. The OASPL on a 0.78 Df sideline 
exceeds 175 dB, with the blade rate tone and harmonics responsible for the majority of this signal. These 
pressure spectra have high coherence (MSC > .9) over emitted angles between 25 and 75 degrees. 
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Figure 4: OASPL levels along the measurement sideline for each sensor at the six conditions shown in Table 
[2] Note that the direction of the x-axis has been reversed to correspond better with the model orientation 
and sensor numbering shown in Figure [2] 
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Figure 5: Spectral content of unsteady pressure measured by sensor number 9 at various advance ratios, 
Mach 0.78. 9 g = 90 degrees. 9 e = 39 degrees. 


N ASA/TM— 20 1 2-2 1 7672 


SPL, dB SPL, dB SPL, dB 


165 


160 - 
155 
150 - 
145 - 
140 - 
135 
130 - 
125 
120 - 


|H! Broadband 
I M Aft Rotor Tones 
EH Front Rotor Tones 
^■interaction Tones 


20 30 

Shaft Order 

(a) J f = 1.38 


40 


50 



(b) J f = 1.29 



Shaft Order 
(c) Jf = 1.25 



Shaft Order 
(d) Jf = 1.22 




Figure 6: Spectral content of unsteady pressure measured by sensor number 11 at various advance ratios, 
Mach 0.78. 6 e = 74 degrees. 6 e = 25 degrees. 
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Figure 7: Directivity and coherence of aft and forward blade passing frequency tones. Emission angle has 
been calculated from the center of the respective rotor. Large symbol indicates center sensor. M=0.78. 
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